Background & Aims
Introduction
Cerebral small vessel disease (SVD) commonly occurs in the general population, especially in individuals over 60 years of age [1, 2] . Different types of SVD include leukoaraiosis, silent infarctions, and cerebral microbleeds (CMBs); leukoaraiosis refers to the rarefaction of white matter, silent infarction refers to ischemic damage in perforating territory without clinical stroke, and CMBs refer to previous extravasation of blood. All types of SVD are believed to be associated with clinical stroke, cognitive dysfunction, or vascular dementia [1, 3, 4] . In particular, the presence and burden of CMBs is strongly associated with the development of intracranial hemorrhage (ICH) [5, 6] . Furthermore, recent studies suggest a positive association between the burden of CMBs and other organ diseases such as pulmonary or renal diseases [7, 8] . Thus, it is of paramount importance to reveal potential links between cerebral SVD and the condition of other major organs.
Liver fibrosis is a multifactorial disease associated with systemic inflammation, insulin resistance, and arterial stiffness [9, 10] , all of which can affect cerebral small vessels. Thus, a significant correlation may exist between the severity of cerebral SVD and liver fibrosis. To date, liver biopsy has been the gold standard for assessing the severity of liver fibrosis with acceptable safety [11] . However, liver biopsy can cause discomfort and involves rare but potentially lifethreatening complications and sampling errors [12, 13] . Recently, the measurement of liver stiffness (LS) using transient elastography (TE; FibroScan 1 ; EchoSens, Paris, France) has been introduced as a promising noninvasive approach for assessing the degree of liver fibrosis with considerable accuracy and reproducibility [14, 15] .
The aim of this study was to determine whether the severity of cerebral SVD depends on the degree of liver fibrosis, as reflected by LS values using TE, in healthy, asymptomatic individuals undergoing a comprehensive medical health check-up.
Patients and Methods Participants
We recruited 350 participants who underwent a comprehensive medical health check-up between January 2011 and December 2012 at Severance Check-up Severance Hospital, Yonsei University College of Medicine, Seoul, Korea. Exclusion criteria were as follows: (1) LS measurement failure (i.e., no valid shots); (2) invalid LS measurement; (3) no available brain magnetic resonance imaging (MRI) data; (4) chronic viral hepatitis; (5) heavy alcohol ingestion in excess of 40 g/day for more than 5 years, (6) right-sided heart failure; (7) pregnancy; and (8) other insufficient clinical, laboratory, and imaging data. Based on these exclusion criteria, 50 participants were excluded; data from the remaining 300 participants were included in the final statistical analysis. This study was approved by the Institutional Review Board of Severance Hospital, Yonsei University Health System. Informed consents were not required for this retrospective study.
During admission for check-up, complete medical examinations, laboratory tests, and imaging were performed as screening evaluations. Demographic and anthropometric data such as age, gender, history of hypertension, diabetes, hypercholesterolemia, alcohol consumption (g/week), body mass index, waist-hip ratio, and vital signs were collected. Laboratory tests included serological tests for hepatitis B virus surface antigen and hepatitis C virus antibody, a complete blood cell count, fasting glucose, aspartate aminotransferase, alanine aminotransferase, total bilirubin, alkaline phosphatase, international normalized ratio, activated prothrombin time, and lipid profiles (total cholesterol, triglyceride, high-density lipoprotein, and low-density lipoprotein cholesterol). Data for concomitant medications were also collected.
LS Measurement Using TE
All participants underwent TE using an M probe. TE was performed on the right lobe of the liver through the intercostal space with the participant lying in the dorsal decubitus position with his or her right arm in maximal abduction. A single experienced technician blind to the participants' clinical information performed all TE examinations. TE results were expressed as kilopascals (kPa) for LS. The interquartile range (IQR) was defined as the intrinsic variability of LS values corresponding to the interval of LS results containing 50% of the valid measurements between the 25th and 75th percentiles. The median value of the successful measurements was selected as representative of LS values for a given participant. As an indicator of variability, the ratio of the IQR to the median (IQR/M) of LS values was calculated. LS measurement failure was recorded when no value was obtained after at least 10 shots (i.e., valid shots = 0). A reliable LS value was defined by the following three criteria: (1) at least 10 valid shots; (2) a success rate (i.e., the ratio of valid shots to the total number of shots) of at least 60%; and (3) an IQR less than 30% of the median LS value (IQR/M<30%) [16, 17] .
Determination of LS Cutoff Values
The upper cutoff for normal LS values was considered 5.6 kPa based on a previous Korean study reporting a normal range of 3.3-5.6 kPa for healthy individuals without significant variation with age [18] . According to a previous study [19] , we considered 8.0 kPa as the cutoff value representing the presence of significant liver fibrosis. Finally, we categorized LS values into three groups: <5.6 kPa for no fibrosis, 5.6-8.0 kPa for mild fibrosis, >8.0 kPa for significant fibrosis.
Determination of SVD
The presence of SVD such as CMBs, leukoaraiosis, silent infarction was determined using the baseline MRI. All MRI examinations were performed using a 3.0T MRI system (Achieva 3.0T, Philips Medical Systems, Best, Netherlands or MAGNETOM 3.0T, Trio A Tim System, Siemens, Germany). Brain MRI images were obtained parallel to the orbitomeatal line using the following parameters: TR/TE 9000/120 ms, pixel spacing 0.449 mm/0.449 mm, FOV 230×230 mm, and slice thickness 5 mm for fluid-attenuated inversion recovery (FLAIR); TR/TE 9000/ 100 ms, pixel spacing 0.240 mm/0.240 mm, FOV 230×230 mm, and slice thickness 5 mm for T2 weighted images (T2); and TR/TE 600/16 ms, pixel spacing 0.449 mm/0.449 mm, FOV 250×250 mm, and slice thickness 5 mm for gradient recalled echo (GRE) imaging.
CMBs were defined as punctuate hypointense lesions <10 mm in size and located in lobar (cortex, subcortex, and white matter), deep (basal ganglia and thalamus), or infratentorial (brain stem and cerebellum) regions on GRE MRI images, based on previously reported methods [1] . Hypointense lesions on GRE MRI images located in cerebral vessels, calcifications, airbone interfaces, and partial volume artifacts at the edges of the cerebellum were excluded.
Small hypointense lesions on GRE MRI images <3 mm in size were also excluded because these lesions could be dilated perivascular spaces, demyelination areas, or gliosis.
We also determined the severity of leukoaraiosis and silent infarction in our study sample. The extent of leukoaraiosis was investigated on FLAIR images of periventricular white matter or deep white matter according to the Fazekas scoring system [20] . Leukoaraiosis in periventricular white matter was categorized as: grade 0, absent; grade 1, caps or pencil-thin lining; grade 2, smooth halo; or grade 3, irregular periventricular hemorrhage extending into deep white matter. Leukoaraiosis in deep white matter was categorized as: grade 0, absent; grade 1, punctuate foci; grade 2, beginning confluence of foci; or grade 3, large confluent areas. Silent infarctions were defined as high signal intensity on FLAIR or T2-weighted images and iso-or low signal intensity on T1-weighted images in participants without previous clinical stroke, based on a previous report [21] . Lesions with <3 mm diameter were not considered as silent infarctions because of the risk of misdiagnosis with dilatation of the perivascular space, demyelination, or gliosis.
The presence of CMBs, leukoaraiosis, and silent infarctions on MRI images was investigated by two neurologists (Y.D.K. and D.S.) blind to participant clinical information. Final classifications were made by consensus between the two neurologists.
Statistical Analysis
Statistical analyses were performed using the Windows SPSS software package (version 21.0, Chicago, IL, USA). To determine statistically significant differences in continuous variables between participants with and without SVD, independent samples t-tests or Mann-Whitney tests were used, whereas differences in categorical variables were evaluated using chi-square tests or Fisher's exact tests, as appropriate. Increases in the degree of SVD (either CMBs, leukoaraiosis, or silent infarctions) depending on LS values were assessed using linear-by-linear tests. Differences in mean LS values depending on the number of CMBs were investigated using analysis of variance (ANOVA) with Scheffe post-hoc tests. To identify independent predictors of the presence of different types of SVD, multivariate logistic regression analysis was performed including variables with p<0.1 in univariate analysis (model 1). We also performed an exploratory multivariate analysis entering all cardiovascular risk factors and all variables with p<0.1 in univariate analysis (model 2) as well as age and sex. A p value of <0.05 was considered statistically significant.
Results

Baseline Characteristics
Baseline characteristics of the study sample are shown in Table 1 . The mean age of participants was 56.0 ± 11.2 years, and 170 (56.7%) were male. Among vascular risk factors, smoking was the most common (37.0%), followed by hypertension (30.7%) and diabetes (12.7%). The antithrombotics were used in 58 (19.3%) patients (antiplatelet agent on 56 (18.7%) patients, oral anticoagulation on 2 (0.7%) patients). Mean aspartate and alanine aminotransferase values were 0.4±0.2 μkat/L and 0.4±0.2 μkat/L, respectively. The mean LS value was 4.8±2.3 kPa. According to the predetermined definition of fibrotic burden, 45 (15.0%) participants had mild fibrosis, and 12 (4.0%) participants had significant fibrosis.
SVD Status
Of the study participants, 64 (21.3%) had CMBs in any location. Of these, most participants had a single CMB (n = 55, 18.3%), whereas six (2.0%) and three (1.0%) participants had two and three CMBs, respectively. CMBs in non-lobar areas were observed in 41 (13.7%) participants [subcortex: n = 29 (9.7%); infratentorial area: n = 14 (4.7%)], and lobar CMBs were observed in 23 (7.7%) participants. Leukoaraiosis was detected in 200 (66.7%) participants. Of Variables are expressed as mean ± SD or n (%).
CMBs indicates cerebral microbleeds; kPa, kilopascal. 
Association between Degree of Liver Fibrosis and Types of SVD
The presence of leukoaraiosis and silent infarctions were not significantly associated with LS values or the degree of liver fibrosis (all p>0.05, Tables A and B in S1 File). By contrast, participants with higher numbers of CMBs had significantly higher LS values (p<0.001); participants with 0, 1, 2, and 3 CMBs showed mean LS values of 4.5 ± 1.5, 5.0 ± 2.5, 6.5 ± 3.7, and 12.4 ± 10.7, respectively.
Comparison between Participants with and without CMBs
Differences in baseline characteristics between participants with and without CMBs are shown in Table 1 . Participants with CMBs were more likely to be older and of male gender, use statins or antithrombotics, and have higher LS values and degree of liver fibrosis (all p<0.05). Participants with previous ischemic heart disease, higher systolic blood pressure, and elevated levels of creatinine, serum albumin, or glycosylated hemoglobin tended to be more likely to have CMBs (p<0.1). Differences in other variables were not statistically significant (all p>0.1). When we divided the study sample into three groups using pre-defined cutoff LS values, we found a significant positive association between the degree of liver fibrosis and the presence of CMBs (p = 0.001) regardless of their location (lobar, p = 0.015; non-lobar, p = 0.030). In terms of the burden of CMBs, we found a positive association between the degree of liver fibrosis and the number of CMBs (p<0.001) regardless of their location (lobar, p = 0.002; non-lobar, p = 0.001) (Fig 1A and 1B) .
Independent Predictors of the Presence of CMBs
Multivariate analysis demonstrated that significant fibrosis was an independent positive predictor of the presence of CMBs (odd ratio [OR] 6.165, 95% confidence interval [CI] 1.530-24.839, p = 0.011) after adjusting for variables with p<0.1 in univariate analysis (model 1), along with age (OR 1.033, 95% CI 1.000-1.066, p = 0.048) ( Table 2) . When cardiovascular risk factors were further adjusted, significant fibrosis remained an independent predictor of CMBs (OR 5.701, 95% CI 1.370-23.721, p = 0. 017) (model 2), along with male gender (OR 2.611, 95% CI 1.120-6.088, p = 0.026), and statin use (OR 2.195, 95% CI 1.060-4.542, p = 0.034).
Sub-Group Analysis According to Age
Because CMBs are commonly found in individuals over 60 years of age [2] , we further investigated potential differences in the relationship between CMBs and the degree of liver fibrosis in participants aged 60 years (n = 104, 45.7%) or <60 years (n = 196, 65.3%). The degree of liver fibrosis was positively associated with the presence of CMBs in participants aged 60 years (p = 0.008) and in those aged <60 years (p = 0.075). Multivariate analysis adjusting for all cardiovascular risk factors and significant variables with p<0.1 in univariate analysis also show a positive association between significant fibrosis and the presence of CMBs both in participants <60 years of age (p = 0.011) and in those 60 years of age (p = 0.055) ( Table 3 ).
Discussion
We found that the prevalence of mild and significant liver fibrosis was 15.0% and 4.0%, respectively, and that greater liver fibrosis, as reflected by higher LS values, was independently associated with the presence and burden of CMBs in healthy, asymptomatic individuals undergoing a comprehensive medical health check-up. Leukoaraiosis or silent infarctions, which are ischemic types of cerebral SVD, were not associated with the degree of liver fibrosis. To the best of our knowledge, this is the first report showing a positive association between the degree of liver fibrosis and the burden of CMBs.
Although the exact mechanism is unclear, one possible explanation for the relationship between liver fibrosis and CMBs is that liver and brain may share common risk factors. Indeed, because cardiovascular risk factors and metabolic syndromes are the major driving forces for liver fibrosis and cerebral SVD [2, 22] , liver fibrosis and cerebral SVD can exist simultaneously. However, we found that the association between CMBs and fibrotic burden was maintained even after adjusting for cardiovascular risk factors. Furthermore, previous studies show that chronic liver diseases such as non-alcoholic fatty liver diseases with a potential to progress to liver cirrhosis are independently associated with arterial stiffness, inflammation, and endothelial dysfunction in other organs which are also related to the development of CMBs [22] [23] [24] [25] [26] . These findings indicate that liver fibrosis may be a significant risk factor for the development of CMBs and that a direct link may exist between the liver and the brain.
In our study, leukoaraiosis and silent infarctions were not associated with the degree of liver fibrosis. However, previous studies suggest a close relationship between liver dysfunction and leukoaraiosis. For example, liver transplantation can reduce white matter lesion volume and lessen cognitive impairment [27, 28] . However, white matter lesions associated with liver cirrhosis are more widespread in later stages of the illness and might be caused by edematous changes rather than arteriosclerosis [29] . Thus, our results suggest that the subclinical stage of liver fibrosis has no impact on ischemic types of cerebral SVD. However, because the sample size of our study was relatively small, future large-scale studies are required to resolve this issue.
Interestingly, in terms of the location of CMBs, the degree of liver fibrosis was associated with the burden of not only non-lobar CMBs but also lobar CMBs, which may be a marker of cerebral amyloid angiopathy. Liver cirrhosis may be a risk factor for ICH due to coagulation abnormalities, thrombocytopenia, and low serum cholesterol, but these abnormalities are not sufficient for fully explaining the development of ICH in liver dysfunction [30] . Although there are no reports showing the association between the location of CMBs and liver dysfunction, previous reports show that the incidence of lobar ICH is more common than subcortical region in patients with liver cirrhosis [31, 32] . However, further studies are required to determine the association between the degree of liver fibrosis and lobar CMBs.
Together with the degree of liver fibrosis, statin use remained an independent predictor of CMBs within our study sample. Previous studies show that statin use may increase the risk of ICH [33] . Considering that CMBs are a prerequisite for ICH, the relationship between statin use and ICH suggests that statin use may be associated with CMBs before clinical ICH occurs. Several issues in the present study remain unresolved. Although we consecutively enrolled participants, our study was a retrospective analysis and therefore may involve selection bias. Also, because most participants included in our study were healthy, asymptomatic individuals, thus resulting in a low rate of detection of high grade types of SVD such as leukoaraiosis, our results should be interpreted cautiously. However, using this study sample, we were able to investigate early connections between brain and liver pathology during the preclinical stage. Furthermore, although TE is an accurate tool for assessing the degree of liver fibrosis, histological information was not available in this study. Because all participants in our study were asymptomatic, it was not feasible to perform liver biopsy.
In conclusion, we demonstrated that harder livers are associated with a higher burden of CMBs. Understanding the link between the brain and the liver may advance research on the pathomechanism of CMBs and help establish optimal screening and treatment strategies.
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